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To complement evidence for nucleoside triphosphate phosphohydrolase (NTPase), RNA helicase, RNA 59 triphosphate
phosphohydrolase, and nucleic acid-binding activities by the core shell protein l1 of mammalian orthoreoviruses (reovi-
ruses), we determined nucleotide sequences of the l1-encoding L3 gene segments from three isolates: type 1 Lang (T1L),
type 2 Jones (T2J), and type 3 Dearing (T3D). The T1L and T3D L3 gene sequences and deduced l1 protein sequences shared
high levels of identity (97.7% and 99.3%, respectively). The l1 sequences differed at only 9 of 1275 amino acids. Two
single-nucleotide insertions relative to a previously published sequence for T3D L3 extended the l1 open reading frame to
within 60 nucleotides of the plus-strand 39 end for T3D and the other isolates sequenced, in keeping with the short 39
nontranslated regions of the other nine gene segments. Seven of the nine amino acid differences between T1L and T3D l1
were located within the amino-terminal 500 residues of l1, a region with putative sequence similarities to NTPases and RNA
helicases. The T2J L3 and l1 sequences were found to be more divergent, especially within the amino-terminal 180 residues
of l1, preceding the putative CCHH zinc finger motif. The T2J L3 sequence, along with partial sequences for L3 genes from
three other reovirus isolates, suggested that one or more of the polymorphisms at amino acids 71, 215, 500, 1011, and/or 1100
in l1 contribute to the L3-determined differences in ATPase activities by T1L and T3D cores. The findings contribute to our
ongoing efforts to elucidate sequence-structure–function relationships for the l1 core protein. © 1999 Academic Press
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1INTRODUCTION
We recently reported that the L3 gene is a genetic
eterminant of strain differences in ATPase activities by
ore particles of mammalian orthoreoviruses (reovi-
uses) type 1 Lang (T1L) and type 3 Dearing (T3D) (Noble
nd Nibert, 1997a). L3 was identified as the primary
eterminant in two different genetic analyses: one involv-
ng the rates of ATP hydrolysis by T1L and T3D cores at
5°C, pH 8.5, with low monovalent ion concentrations,
nd the other involving the relative rates of ATP hydroly-
is by cores under similar conditions with or without 150
M potassium acetate. L3 encodes the l1 protein, one
f two major proteins in the inner (core) capsid in reovi-
us particles. Although the genetic mappings do not
rove that l1 is an ATPase, we suggested that it may
ydrolyze ATP as part of an RNA helicase activity in
ores (Noble and Nibert, 1997a). This speculation was
ased on putative sequence similarities between the
-terminal region of l1, as deduced from the published
equence of T3D L3 (Bartlett and Joklik, 1988) and RNA
elicases (Gorbalenya and Koonin, 1993).
1 To whom reprint requests should be addressed at Institute for
olecular Virology, 1525 Linden Drive, Madison, WI 53706. Fax: (608)t62-7414. E-mail: mlnibert@facstaff.wisc.edu.
042-6822/99 $30.00
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54Subsequent findings by Bisaillon et al. (1997) and Bi-
aillon and Lemay (1997a) provided direct evidence that
he l1 protein expressed in Pichia pastoris has both
ucleoside triphosphate phosphohydrolase (NTPase)
nd RNA helicase activities, as well as an RNA triphos-
hatase activity that may be involved in mRNA capping.
n addition, Bisaillon et al. (1997) identified other putative
elicase motifs within the N-terminal 440 amino acids of
1. Although apparently robust, these results leave open
o some question which function or functions l1 truly
xecutes during RNA synthesis and mRNA capping by
eovirus. They also do not address whether other protein
ofactors may contribute to these activities. For example,
nother recent study from our laboratory identified core
rotein m2 as a second genetic determinant of differ-
nces in NTP hydrolysis by reovirus T1L and T3D cores
Noble and Nibert, 1997b). This suggests that m2 is either
second NTPase in cores or serves to modulate the
ctivity of l1.
Other results have demonstrated the capacity of l1 to
ind both double-stranded RNA (Schiff et al., 1988;
emay and Danis, 1994; Bisaillon and Lemay, 1997b) and
ingle-stranded RNA (Bisaillon and Lemay, 1997b) but
ith a greater affinity for the latter (Bisaillon and Lemay,
997b). Sequences near the N-terminus of l1 are essen-
ial for this activity (Lemay and Danis, 1994; Bisaillon and
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55REOVIRUS L3 GENE SEQUENCESemay, 1997b), but a putative CCHH zinc finger motif at
mino acids 183–206 in T3D l1 (Bartlett and Joklik, 1988;
chiff et al., 1988; Dermody et al., 1991; Lemay and Danis,
994) is apparently not essential for RNA binding (Lemay
nd Danis, 1994; Bisaillon and Lemay, 1997b). RNA-
inding acitivity by l1 is consistent with its putative roles
n RNA helicase and RNA 59 triphosphate phosphohy-
rolase activities.
New evidence for the locations of l1 and m2 in reovi-
us particles has also come from recent work. Dryden et
l. (1998) used cryoelectron microscopy and three-di-
ensional image reconstruction to identify inwardly pro-
ecting structures in reovirus top component particles,
hich lack the genomic double-stranded RNA that ob-
cured the particle interior in earlier studies (Metcalf et
l., 1991; Dryden et al., 1993). The internal structures are
entered at the particle fivefold axes and appear to be
ormed from portions of proteins l1 and m2, as well as
rom the reovirus RNA polymerase protein l3. In partic-
lar for l1, an N-terminal 37-kDa region containing all but
he most C-terminal of the putative NTPase and helicase
equence motifs (Noble and Nibert, 1997a; Bisaillon et
l., 1997), was identified by proteolysis and protein se-
uencing as a region of l1 that is likely to extend be-
eath the core shell (Dryden et al., 1998). A study by
oombs (1998) confirmed that l1 is present in 120 cop-
es per particle (Smith et al., 1969) and indicated that m2
s present in ;20 copies per particle, suggesting that a
imer of m2 may be present at or near each particle
ivefold axis. Important remaining questions about reovi-
us structure include how the 120 copies of l1 and the
ther major core protein s 2 are arranged within the core
hell.
For the current study, to address whether specific
esidues in l1 segregate with the L3-determined differ-
nces in ATP hydrolysis by reovirus T1L and T3D cores
Noble and Nibert, 1997a), we sequenced the T1L L3
ene for comparison with the previously reported se-
uence for T3D L3 (Bartlett and Joklik, 1988). The N-
erminal 440 residues of T1L l1 were of greatest interest
ue to the putative sequence similarities with other
TPases within that region of T3D l1 (Bartlett and Joklik,
988; Noble and Nibert, 1997a; Bisaillon et al., 1997). We
lso noted that the 39 nontranslated region of the previ-
usly published T3D L3 sequence (Bartlett and Joklik,
988) is much longer than that reported for all other
eovirus gene segments. Moreover, computer-generated
ranslations of the previous sequence in its three reading
rames indicated that a single-nucleotide insertion be-
ween nucleotides 3625 and 3714 would extend the open
eading frame for l1 to much nearer the 39 end of the L3
lus strand (data not shown). This change would cause
he length of the 39 nontranslated region to be only 35
ucleotides (versus 181 nucleotides in the previous se-
uence), putting it within the range of the other nine T3D
ene segments (32–80 nucleotides) (reviewed in Der- tody et al., 1991). We therefore also sequenced the T3D
3 gene to test whether the previous sequence is miss-
ng at least one nucleotide in the 3625–3714 region. Last,
o gain further insight into sequence determinants of the
3-determined differences in ATP hydrolysis among re-
virus isolates, as well as to address whether other
solates may exhibit greater sequence variation in their
1 proteins than we observed for T1L and T3D, we
equenced the L3 gene of reovirus type 2 Jones (T2J) and
ortions of L3 from three other isolates. By examining l1
equence variation and correlating it with differences in
nzymatic activity, the work described in this report con-
ributes to our ongoing efforts to elucidate sequence–
tructure–function relationships among the reovirus core
roteins.
RESULTS AND DISCUSSION
omparison of nucleotide sequences of T1L and T3D
3 genes
Sequences of the T1L and T3D L3 genes (GenBank
ccession numbers AF129820 and AF129822, respec-
ively) were found to be 3901 nucleotides long, to contain
o insertions or deletions relative to one another when
ligned, and to be identical at 3811 positions (97.7% of
otal) (Table 1). This makes L3 the second most con-
erved of sequenced gene segments from these two
irus isolates, with only the M1 genes of T1L and T3D
eing slightly more conserved (97.8%) according to pre-
iously reported sequences (Wiener et al., 1989; Zou and
rown, 1992).
There are 90 nucleotide differences between the new
1L and T3D L3 gene sequences. Eight of the 13 differ-
nces at first positions in codons and 71 of the 72
ifferences at third positions in codons are silent in the
educed l1 protein sequence (Table 2). These values
eflect the high degree of conservation between the L3
enes and l1 proteins of these two isolates. In addition,
he low frequency of L3 nucleotide changes suggest that
he two L3 genes only recently diverged or that there are
elective pressures to maintain sequences at the RNA
evel. No clustering of nucleotide differences between
he T1L and T3D L3 genes is readily apparent. In addition
TABLE 1
Identities in Pairwise Alignments of L3 Nucleotide and
Deduced l1 Amino Acid Sequences
Gene or protein
Percent identity in pairwise comparisons
between virus strains
T1L:T2J T2J:T3D T1L:T3D
L3 76.5 76.5 97.7
l1 95.6 95.5 99.3o differences in the coding regions, we found differ-
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56 HARRISON ET AL.nces at two positions, 3872 and 3879, in the 39 non-
ranslated regions of the T1L and T3D L3 genes (Table 2,
ig. 1).
The identified nucleotide differences between T1L and
3D L3 accurately reflect seven restriction site polymor-
hisms in DNA copies of the T1L and T3D L3 genes that
ere previously identified by empirical means and used
o evaluate the origin of the L3 gene segments in 84
1L 3 T3D reassortant viruses (Nibert et al., 1996a;
argraf and Nibert, unpublished data). In addition, sites
or cleavage by five other restriction enzymes that were
oted to be shared by T1L and T3D L3 in the previous
tudy were also reflected in the sequences.
TABLE 2
Positions of Differences in Pairwise Comparisons of L3
Nucleotide Sequences
Codon
position
Differences in pairwise comparisons
between virus strains
T1L:T2J T2J:T3D T1L:T3D
1 117 121 13
2 32 31 3
3 759 756 72
59 NTa 0 0 0
39 NTa 7 9 2
Total 915 917 90
a 59 and 39 nontranslated regions.
FIG. 1. Sequences near the 59 (A) and 39 (B) ends of the reovirus T1L,
2J, and T3D L3 genes, plus strands. The start and stop codons for
ranslation of l1 are indicated in bold. Positions at which at least one
equence differs from the others are indicated by filled circles. The 18
ucleotides at each end that were fixed by primers in the initial
mplification protocol are underlined. The two or four nucleotides at
ach end that were fixed by primers in the RACE protocols are double
nderlined. The displayed sequences are those obtained after RACE,
hich were the same as those obtained after the initial protocol except
or the two differences nearest the 39 end of T2J L3, which were fixed
y the 39 primer in the initial protocol. The two to four nucleotides at
ach end that were fixed by primers or were otherwise not readable infhe sequences obtained after RACE are indicated by bold italics.ucleotide insertions relative to the previously
ublished T3D L3 sequence
Especially notable in the newly determined T1L and
3D L3 sequences is that they each contain five inser-
ions relative to the T3D L3 sequence of Bartlett and
oklik (1988). There are three single-base insertions near
osition 1500 (positions 1497, 1503, and 1505 in our
equences) and two single-base insertions nearer the 39
nd of L3 (positions 3632 and 3788) (Fig. 2). The inser-
ions near position 1500 constitute one extra codon and
hus do not affect the frame in which the more C-terminal
egions of l1 are translated. The two insertions near the
9 end, however, result in two consecutive frameshifts
hat extend the open reading frame for l1 to much nearer
he 39 end of L3 than in the previous sequence (Bartlett
nd Joklik, 1988) (Fig. 1). The fact that all five of these
nsertions were found at the same positions and with the
ame inserted bases in both T1L and T3D sequences
btained from both plasmid clones and noncloned PCR
roducts argues for their validity. In addition, we per-
FIG. 2. Electropherograms from automated DNA sequence analysis
f the L3 gene from reovirus T1L, showing sequences surrounding
ucleotide 3632 (A) and 3788 (B). For both panels, sequences repre-
enting the L3 plus strand are shown and were generated using a
rimer with 39 end corresponding to L3 nucleotide 3480. Nucleotides
632 and 3788 (arrows) represent single-base insertions relative to the
reviously published sequence for the T3D L3 gene (Bartlett and Joklik,
988). Sequence differences between our T1L and T3D sequences in
he illustrated regions are highlighted by arrowheads. Sequences were
enerated from noncloned PCR products of the T1L L3 gene as de-
cribed in Materials and Methods, and the data were displayed using
he computer program EditView 1.0.1 (Perkin–Elmer).ormed restriction enzyme digestions on a DNA product
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57REOVIRUS L3 GENE SEQUENCESrom a portion of the T3D L3 gene because the insertion
t 3632 in our sequence creates an additional site for
au3AI and the insertion at 3788 in our sequence abol-
shes a site for AluI, relative to the sites predicted by the
reviously published sequence. With each enzyme, the
estriction pattern we observed was that predicted by our
wn T3D L3 sequence (data not shown).
As a consequence of the longer open reading frame
or l1, the 39 nontranslated region of L3 is shortened from
he 181 nucleotides reported previously (Bartlett and Jok-
ik, 1988). The 39 nontranslated regions of both T1L and
3D L3 genes consist of 60 nucleotides (differing from
he 38 nucleotides predicted above because of the ad-
itional insertion at nucleotide 3788) (Fig. 1). The 39
ontranslated regions of all 10 gene segments of reovi-
us T3D thus have lengths between 32 and 80 nucleo-
ides, with the longest four being those of M1 (80), S3
70), S4 (66), and L3 (60) (reviewed in Dermody et al.,
991). The 59 nontranslated regions of the 10 T3D gene
egments are also small (12–32 nucleotides; 13 for L3)
Fig. 1), reflecting the economy of the reovirus genome
ith regard to sequences outside the protein-coding
egions that may be required for RNA packaging or
eplication.
In addition to the inserted nucleotides, the T3D L3
equence reported here includes substitutions at nine
ucleotide positions relative to the previously published
equence (Bartlett and Joklik, 1988). Of these nine sub-
titutions, seven result in differences in the l1 amino
cid sequences deduced from the new and old T3D L3
equences (at positions 119, 174, 500, 583, 648, 735, and
52 in the new sequence). For eight of the nucleotide
ubstitutions and six of the amino acid differences, how-
ver, the newly deduced T1L and T3D L3 and l1 se-
uences are conserved at those positions (Fig. 3), sug-
esting that most of the nucleotides unique to the old
3D sequence may represent sequencing errors.
vidence that l1 proteins expressed from cloned L3
enes are properly terminated
To address whether the cloned T1L and T3D L3 genes
ncode a l1 protein of the correct length, we analyzed
he proteins by in vitro transcription and translation (see
aterials and Methods). In initial experiments, the mo-
ility of in vitro translated [35S]methionine/cysteine-la-
eled T1L l1 protein obtained from the cloned T1L L3
ene was compared with that of l1 protein from [35S]me-
hionine/cysteine-labeled T1L virions using either re-
uced-bis Tris–glycine SDS gels (see Materials and
ethods), in which l1 and l2 migrate similarly but are
esolved from l3 (Cleveland et al., 1986; Nibert et al.,
996a), or phosphate–urea SDS gels, in which l1 exhib-
ts a distinct mobility from either l2 or l3 (Smith et al.,
969). Both types of gels showed comigration of l1 from
he two sources (Figs. 4A and 4B), consistent with the l1 Drotein derived from the cloned T1L L3 gene being the
ame length as l1 from T1L virions.
To obtain further evidence for a longer l1 open read-
ng frame than was previously reported, we used site-
irected mutagenesis to delete nucleotide 3632 (num-
ering in our sequences) from our T3D L3 clone. This
utation resulted in a clone with the sequence reported
y Bartlett and Joklik (1988) in that region and caused
ranslation of l1 to terminate after nucleotide 3716 (num-
ering in our sequences) as reported by them, rather
han after nucleotide 3838, as in our wild-type T1L and
3D L3 clones. The wild-type and mutated T3D L3 clones
ere then used for in vitro transcription and translation,
nd the translation products were compared with the l1
rotein from T3D virions by electrophoresis in reduced-
is gels. The in vitro translated, mutated l1 protein was
ound to migrate distinctly faster than the virion-derived
1 in this case (Fig. 4C), demonstrating that termination
f l1 translation normally occurs at a site more 39 in the
3 transcript than that predicted by Bartlett and Joklik
1988). In contrast, the l1 protein translated from our
riginal plasmid comigrated with virion-derived l1 (Fig.
C), providing evidence that our cloned T3D L3 gene
ncodes a properly terminated l1 protein.
etermination of nucleotide sequence of reovirus T2J
3 gene
To gain further information on both L3 and l1 se-
uences and to better identify functionally important re-
ions in the l1 protein, we determined the nucleotide
equence of the L3 gene of reovirus isolate T2J (Gen-
ank accession number AF129821). The T2J L3 gene
as found to have the same overall length (3901 nucle-
tides) and to possess nontranslated regions of the
ame sizes (13 and 60 bases for the 59 and 39 ends,
espectively) as the T1L and T3D L3 genes (Fig. 1; data
ot shown). Moreover, the T2J L3 gene was found to
ontain the same five insertions relative to the published
3D L3 sequence (Bartlett and Joklik, 1988) as were
ound in our T1L and T3D L3 sequences (see above).
verall, however, the T2J L3 gene was much more highly
ivergent from the T1L and T3D L3 genes (76.5% identity
or each at the nucleotide level) than the latter are from
ach other (Table 1). T2J L3 contains 915 nucleotide
hanges from T1L L3 and 917 nucleotide changes from
3D L3, as described further in Table 2. The changes
esulting in amino acid differences cluster toward the 59
nd of T2J L3 (see below). The finding of greater se-
uence divergence in the T2J L3 gene argues against an
ypothesis that the extreme conservation of nucleotide
equences in the T1L and T3D L3 genes reflects selec-
ive pressure to maintain sequences at the RNA level.
he greater divergence of T2J L3 is consistent with pub-
ished findings for other T2J genes (Wiener et al., 1989;
ermody et al., 1991; Seliger et al., 1992).
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58 HARRISON ET AL.etermination of nucleotide sequences from the ends
f L3 genes
Our initial methods involved fixing the sequence of 18
ucleotides at each end of the L3 genes with the primers
sed in cDNA production and amplification (primers de-
igned from the published T3D L3 sequence; Bartlett and
oklik, 1988). The fact that these primers were productive
t amplifying the L3 genes of reoviruses T1L, T2J, and
3D indicated that sequences in the terminal regions are
trongly conserved among these isolates. For complete-
FIG. 3. Amino acid sequences for the reovirus T1L, T2J, and T3D l1 pr
mino acids are designated by single-letter code. Amino acids shared
hared with RNA helicases in an N-terminal portion of l1 (numbered I–
istidine residues proposed to mediate zinc binding by l1 (Bartlett and
re topped by filled circles. The N-terminal sequence determined for th
n T3D top component particles (Dryden et al., 1998) is indicated by uess, however, we also determined sequences for the Tnds of L3 from DNA products in which only very small
egions (two or four nucleotides) at each end of the
enes had been fixed by primers. Protocols for 59 rapid
mplification of cDNA ends (RACE) and 39 RACE (Froh-
an et al., 1988) were used on the L3 genes of isolates
1L, T2J, and T3D for these analyses (see Materials and
ethods). Within the regions fixed by primers in the
receding analyses, all sequences from the three iso-
ates were found to agree, with the exception of two
ifferences at positions 3894 and 3896 near the 39 end of
s deduced from the L3 nucleotide sequences determined in this study.
L are indicated by dashes for T2J and T3D. Sequence motifs putatively
aillon et al., 1997) are indicated by labels and overlines. Cysteine and
1988; Schiff et al., 1988; Dermody et al., 1991; Lemay and Danis, 1994)
minal fragment of l1 that remains resistant to chymotrypsin digestion
ng at positions 345–349.oteins a
with T1
VI; Bis
Joklik,
e C-ter2J L3 (Fig. 1). These findings agree with the sequences
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59REOVIRUS L3 GENE SEQUENCESor the extreme terminal regions of T1L, T2J, and T3D L3
eported by Gaillard et al. (1982). The two changes in T2J
ere included in the comparisons with T1L and T3D
iscussed in the preceding section. The longest consec-
tive region of identical nucleotides among the three
equences is at positions 1–32, that is, at the extreme 59
nd of the coding strand (Fig. 1; data not shown).
omparison of deduced amino acid sequences of
1L, T2J, and T3D l1 proteins
The T1L, T2J, and T3D l1 proteins are each deduced
o be 1275 amino acids long and to contain no insertions
r deletions relative to one another (Fig. 3). T1L and T3D
1 proteins share identity at 1266 positions (99.3%) (Ta-
le 1), making l1 the most conserved protein from these
wo isolates based on deduced amino acid sequences.
he s2 and m2 proteins of T1L and T3D are next most
onserved, exhibiting 98.8% and 98.6% deduced se-
uence identity, respectively, according to previously re-
orted sequences (Wiener et al., 1989; Dermody et al.,
991; Zou and Brown, 1992). In contrast, T2J l1 shares
nly 95.6% and 95.5% deduced sequence identity with
he T1L and T3D l1 proteins, respectively (Table 1). This
akes T2J l1 second to T2J m1 in level of deduced
equence identity with T1L and T3D proteins according
o reported sequences (97.2% and 96.8%, respectively, for
FIG. 4. Migration of l1 protein from mammalian reovirus virions
ompared with that from in vitro translations of RNA transcribed from
3 clones. (A) Reduced-bis Tris–glycine SDS 4–9% polyacrylamide
radient gel of 15 ml (lane 1) or 10 ml (lane 2) in vitro translated T1L l1
un alongside 1 3 1011 (lane 3) or 5 3 1010 (lane 4) [35S]methionine/
ysteine-labeled T1L virions. (B) Phosphate–urea SDS 7.5% polyacryl-
mide gel of 10 ml (lane 1) or 5 ml (lane 2) in vitro translated T1L l1 run
longside 1 3 1011 (lane 3) or 5 3 1010 (lane 4) [35S]methionine/
ysteine-labeled T1L virions. (C) Reduced-bis Tris–glycine SDS 4–9%
olyacrylamide gradient gel of 7.5 ml in vitro translated T1L l1 (lane 1)
r 7.5 ml of in vitro translated T1L l1 derived from the L3 clone
ngineered to delete nucleotide 3632 (lane 2) run alongside 1.25 3 1010
lane 3) or 2.5 3 1010 (lane 4) [35S]methionine/cysteine-labeled T1L
irions. The mobilities apparent for full-length, wild-type (wt) l1 and
runcated, frameshifted (fs) l1 are indicated.1; Jayasuriya et al., 1988; Wiener and Joklik, 1988). bSeven of the nine deduced amino acid differences
etween T1L and T3D l1 are found near the N-terminus,
etween residues 23 and 500. Similarly, 47 of 56 differ-
nces between T1L and T2J l1 and 46 of 57 differences
etween T2J and T3D l1 are found within the N-terminal
00 amino acids of these proteins. In fact, the greatest
ivergence is restricted to the N-terminal 180 residues of
hese proteins, preceding the putative CCHH zinc finger
otif conserved in each (Fig. 3). Specifically, 42 of the 56
ifferences between T1L and T2J l1, 39 of the 57 differ-
nces between T2J and T3D l1, and 5 of the 9 differ-
nces between T1L and T3D l1 are found within the
-terminal 180 amino acids of these proteins.
The striking localization of sequence divergence to the
-terminal 150–200 amino acids of the T2J l1 protein
as further highlighted by a computer-based analysis for
equence identities along the lengths of the l1 se-
uences (Fig. 5) and is interesting for several reasons.
irst, the N-terminal 344 amino acids of l1 were inferred
rom their proteinase sensitivity in top component parti-
les to project into the interior of reovirus particles, as
pposed to the rest of the protein, which was inferred to
orm the core shell (Dryden et al., 1998). Thus according
o this model, the N-terminal region of l1 may tolerate
equence changes more readily than the rest of the
rotein because it has fewer structural constraints than
mposed by regular protein contacts within the shell.
econd, the L3-determined differences in ATPase activ-
ties by T1L and T3D cores may be determined by one or
ore of the seven deduced differences within this N-
erminal region because this region contains the putative
TPase and helicase motifs. These amino acid differ-
nces (Fig. 3) include four (residues 23, 54, 71, and 88)
etween putative helicase motifs I and II (Bartlett and
oklik, 1988; Noble and Nibert, 1997a; Bisaillon et al.,
997), one (residue 107) immediately after putative motif
I, and one (residue 215) immediately before putative
FIG. 5. Window-averaged calculations for sequence identity among
he reovirus T1L, T2J, and T3D l1 proteins. Data and graphics were
enerated with the program Plotsimilarity in GCG 9.1 (Genetics Com-
uter Group). For the analysis shown, the program was set to average
dentities among the three l1 proteins over running windows of 21
mino acids. An N-terminal region of variable sequences among the
hree virus isolates is marked. The average identity score is indicated
y a dashed line.
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60 HARRISON ET AL.otif IV (Bisaillon et al., 1997) and after the putative zinc
inger motif (Bartlett and Joklik, 1988; Schiff et al., 1988;
ermody et al., 1991; Lemay and Danis, 1994) that are
onserved in T1L and T3D l1. Interestingly, helicase
otif II is only poorly conserved in the T2J l1 sequence.
pecifically, the DEADE sequence assigned to motif II in
1L and T3D l1 is replaced by VNAAD in T2J l1 (Fig 3).
he altered motif II in T2J may retain its proposed sig-
ificance for helicase function by l1 (Noble and Nibert,
997a; Bisaillon et al., 1997) or may instead indicate that
he similarity of this sequence in T1L and T3D l1 to that
f motif II in helicases is fortuitous.
ther predicted features of deduced l1 sequences
Computer-based analyses for hydrophilicity, surface
robability, antigenic index, and flexibility along the
engths of the T1L, T2J, and T3D l1 proteins provided
dditional evidence that the N-terminal part of l1 has
istinct characteristics. In particular, the N-terminal 150–
00 amino acids in T1L (Fig. 6) and T3D (data not shown)
1 proteins exhibited high values for these properties.
imilar results were obtained for the N-terminal 150–200
mino acids of T2J l1 (data not shown), despite its more
FIG. 6. Window-averaged calculations for hydrophilicity, surface
robability, antigenicity, and flexibility in the reovirus T1L l1 protein.
ata were generated with the programs Peptidestructure (default set-
ings) and Plotstructure in GCG 9.1 (Genetics Computer Group). An
-terminal region with distinct characteristics from the remainder of the
rotein in these analyses is marked. The average residue value for
ach property is indicated by a dotted line.ivergent sequence within this region. These findings worrelate with previous evidence that an N-terminal re-
ion of l1 projects below the main core shell (Dryden et
l., 1998), exhibits nucleic acid binding activity (Lemay
nd Danis, 1994; Bisaillon and Lemay, 1997b), and is
roposed to be involved in ATPase and other enzymatic
ctivities by reovirus cores (Noble and Nibert, 1997a;
isaillon et al., 1997; Bisaillon and Lemay, 1997a). The
reater hydrophilicity of an N-terminal portion of l1 is
lso evident from the distribution of charged residues in
he protein, including a high frequency of basic residues
ithin the N-terminal 150–200 amino acids (Fig. 3), which
ay be important for interactions with RNA (Lemay and
anis, 1994; Bisaillon and Lemay, 1997b). Choosing
mino acid 180 as an arbitrary cutoff between N- and
-terminal portions of l1, we calculated isoelectric
oints of 9.88 and 5.56 for the two regions in T1L l1
ersus 6.05 for the whole protein. The respective values
ere calculated to be 10.15, 5.64, and 6.23 for T2J l1 and
0.00, 5.56, and 6.12 for T3D l1. These results provide
dditional evidence that an N-terminal region of l1 has a
istinct character from the rest of the protein.
The molecular weights calculated from the newly de-
uced l1 sequences were 141879 for T1L, 142029 for
2J, and 141833 for T3D. These compare with 137353
alculated from the deduced T3D l1 sequence of Bartlett
nd Joklik (1988). Previous data for the molecular weight
nd copy number of reovirus core components do not
ccount for the full mass of these particles as deter-
ined by hydrodynamic or microscopic methods (Farrell
t al., 1974; reviewed in Nibert, 1998). Core mass accord-
ng to both of those experimental methods is approxi-
ately 52 3 106. Previous data for l1 (120 copies per
ore), other core proteins, and the dsRNA genome
ielded a calculated mass of 48.6 3 106 for T3D cores
Nibert, 1998). The additional mass provided by the
onger l1 protein identified in this study and the larger
opy number (20 versus 12) recently suggested for core
rotein m2 (Coombs, 1998) increases the calculated
ass to 49.8 3 106, but still leaves approximately 2 3 106
naccounted for.
TPase phenotypes of reovirus isolates and tentative
equence determinants in l1
Noble and Nibert (1997a) reported two distinct mea-
ures of core ATPase activities that differ between reo-
iruses T1L and T3D and that segregate uniquely with
he L3 gene among reassortants of these strains. One
ifference involved the rate of ATP hydrolysis at pH 8.5
nd 37°C under low-salt conditions, and the other differ-
nce involved the rate of ATP hydrolysis with or without
50 mM potassium acetate. We suggested that these
ifferences may be mechanistically linked and explained
y a single amino acid difference between the T1L and
3D l1 proteins (Noble and Nibert, 1997a). To address
hether the rate of ATP hydrolysis and its response to
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61REOVIRUS L3 GENE SEQUENCESotassium acetate are related, we examined the ATPase
henotypes of nine additional isolates of mammalian
eovirus including T2J. Cores of all these isolates be-
aved with striking similarity to T1L both in hydrolyzing
TP rapidly with no added salt and less rapidly in the
resence of 150 mM potassium acetate (Fig. 7 and data
ot shown). These findings are consistent with the two
3-determined ATPase phenotypes being causally linked
nd explained by a single amino acid difference between
he l1 proteins of T3D and other strains. However, it is
lso possible that the T3D l1 protein contains two or
ore unique amino acids that independently determine
ts two unique, L3-determined ATPase phenotypes. It
ust be noted that because only T1L 3 T3D reassor-
ants were used to assign these differences in ATPase
ctivities to the L3 genes of T1L and T3D, we cannot rule
ut the possibility that other proteins may play a role in
FIG. 7. ATPase activities of reoviruses T1L, T2J, T3D, and other
solates. ATPase activities for cores of reoviruses T1L (E), T2J (M), T3D
F), T3c10 (), T3c18 (L), and T3c87 () were determined at two
ifferent sets of conditions: in the absence of potassium acetate or in
he presence of 150 mM potassium acetate as defined by Noble and
ibert (1997a). Symbols denote the means of two determinations at
ach set of conditions for each isolate.
T
Deduced l1 Amino Acid Sequences for R
at the Nine Positions that
Virus
strain
Deduced amino a
23 54 71 88 10
3Da Ab K M K K
1La S R L R Q
2Jd A K L K K
3c10d A K L K K
3c18d A K L K K
3c87d A K T K K
a Nucleotide sequences were determined as described for Fig. 3.
b Single-letter code for amino acids. Amino acids unique to T3D am
c Refer to Fig. 7 for assignment of ATPase activity as being like eith
d Nucleotide sequences were determined from both strands of nonclonedetermining these behaviors with the other isolates.
owever, the strong similarities of the other isolates to
1L in these two measures of ATPase activity suggest a
ommon basis in their L3 genes.
In an effort to pinpoint which of the nine amino acid
ifferences between T1L and T3D l1 are responsible for
he L3-determined differences in ATPase phenotypes of
hese isolates, we first analyzed the deduced l1 se-
uence of T2J. The T2J sequence revealed amino acids
dentical to T3D at four of the nine positions (alanine 23,
ysine 54, lysine 88, and lysine 107) and identical to T1L
t the remaining five positions (leucine 71, glutamate 215,
erine 500, valine 1011, and methionine 1100) (summa-
ized in Table 3). Because T2J and T1L cores exhibit very
imilar ATPase phenotypes (Fig. 7), the simplest inter-
retation is that one or more of the amino acids they
hare at positions 71, 215, 500, 1011, and 1100 cause their
3-determined ATPase phenotypes to be distinct from
hose of T3D.
In an effort to confirm the importance of particular
mino acid differences between T1L and T3D l1 for their
3-determined differences in ATPase phenotypes, we
lso determined partial sequences for the L3 genes of
hree of the additional isolates that we tested for ATPase
ctivity: type 3 clones 10 (T3c10), 18 (T3c18), and 87
T3c87) (Fig. 7). The approach was similar to one previ-
usly used to identify differences in deduced s1 and s3
mino acid sequences among reovirus isolates that
how differences in biological phenotypes attributable to
he s1 and s3 proteins (Dermody et al., 1990; Kedl et al.,
995; Chappell et al., 1998). For this study, we focused
ur attention on the nine nucleotide positions that spec-
fy differences in the deduced l1 sequences of T1L and
3D, rather than on sequencing the entire L3 genes of
he additional isolates. Like T2J, the T3c10 and T3c18 L3
equences (summarized in Table 3) revealed amino ac-
ds identical to T3D at four of the nine positions (alanine
s Isolates T2J, T3c10, T3c18, and T3c87
etween T1L and T3D l1
osition no. in l1
ATPase
activity215 500 1011 1100
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62 HARRISON ET AL.3, lysine 54, lysine 88, and lysine 107) and identical to
1L at the remaining five positions (leucine 71, glutamate
15, serine 500, valine 1011, and methionine 1100). Be-
ause T3c10, T3c18, and T1L exhibit similar ATPase
henotypes (Fig. 7), the simplest interpretation is, again,
hat one or more of the amino acids they share at posi-
ions 71, 215, 500, 1011, and 1100 cause their L3-
etermined ATPase phenotypes to be distinct from those
f T3D. The T3c87 L3 sequence (also summarized in
able 3) was similar to those of T3c10 and T3c18 but
xhibited a unique amino acid at position 71 (threonine).
ecause T3c87 and T1L exhibit similar ATPase pheno-
ypes, this finding may suggest that the residue at posi-
ion 71 has little influence on ATPase phenotypes. How-
ver, it is also possible that a methionine at position 71
s specifically required to generate the distinct ATPase
henotypes of T3D.
The sequence comparisons in Table 3 provide useful
nformation for future studies involving site-directed mu-
agenesis of l1 to assess its ATPase behavior (Bisaillon
t al., 1997). Because the putative helicase motifs are
estricted to the N-terminal 440 residues of l1 (Noble
nd Nibert, 1997a; Bisaillon et al., 1997), the sequence
olymorphisms at positions 71, 215, and 500 among the
solates tested in this study appear to be the best can-
idates for explaining their L3-determined differences in
TP hydrolysis. The partial L3 sequences of T3c10,
3c18, and T3c87 additionally demonstrated the same
ive insertions relative to the previously reported T3D L3
equence (Bartlett and Joklik, 1988) as found in our T1L,
2J, and T3D L3 sequences. Last, the deduced se-
uences for T3c10, T3c18, and T3c87 l1 were very sim-
lar to those of T1L and T3D in all of the sequenced
egions (data not shown) and revealed conservation of
oth the six putative helicase motifs (Noble and Nibert,
997a; Bisaillon et al., 1997) and the putative zinc-binding
esidues (Bartlett and Joklik, 1988; Schiff et al., 1988;
ermody et al., 1991 Lemay and Danis, 1994) (data not
hown).
MATERIALS AND METHODS
loning T1L and T3D L3 genes
Core-generated transcripts of reoviruses T1L and T3D
ere used for the synthesis of full-length cDNA copies of
ach L3 gene using a primer corresponding to the 18
9-terminal nucleotides of minus strand from the T3D L3
equence of Bartlett and Joklik (1988). This primer also
ncluded an EcoRI site at its 59 end for use in cloning.
fter cDNA synthesis using AMV reverse transcriptase
GIBCO BRL) and removal of RNA, the original primer and
second corresponding to the 18 59-terminal nucleo-
ides of plus strand from the T3D L3 gene were used in
erforming amplification via PCR. The second primer
lso included an EcoRI site at its 59 terminus. A mixture
f Taq and Pwo polymerases (Expand Long Template; aoehringer-Mannheim) was used for PCR to reduce the
requency of mutations (Barnes, 1994). In addition to 2
in to warm to 92°C at the outset and 7 min at 68°C to
longate any partial products at the end, PCR cycles
nvolved denaturation at 92°C for 30 s, annealing at 58°C
or 35 s, and elongation at 68°C for 150 s for the first 10
ycles and for 170 s for the remaining 24 cycles. After
CR, the products were gel-purified, digested with EcoRI,
nd ligated into the EcoRI site of pBluescript KS(1)
Stratagene). Clones containing full-length copies of L3
ere identified, and one clone each representing the T1L
nd T3D L3 genes was selected for further studies.
NA sequencing of full-length clones and PCR
roducts of L3 genes
DNA sequencing was performed at the University of
isconsin Biotechnology Center DNA Sequencing Facil-
ty using their standard protocols for cycle sequencing
ith fluorescent dideoxy terminators (Applied Biosys-
ems). The primers used for sequencing reactions with
urified pBluescript-L3 plasmids were chosen to provide
omplete sequences from both strands of L3 in each
lone. We also determined sequences from noncloned
CR products of the T1L and T3D L3 genes to address
hether any nucleotides in the sequences of the cloned
roducts might represent PCR-related mutations. With
he noncloned PCR products of T1L and T3D L3, se-
uences were obtained from both strands only when
iscrepancies with the sequences of the clones were
oted. In addition, the DNA products used for sequenc-
ng from opposite strands in these cases were derived
rom independent PCRs and demonstrated that the dis-
repancies did not result from PCR-related mutations in
he noncloned products themselves. Only two nucleo-
ides in the T1L L3 clone (980 and 1633) and two nucle-
tides in the T3D L3 clone (2082 and 2951) were found to
iffer from those in the noncloned PCR products. The
equences reported for L3 and l1 in this report are those
btained from the noncloned products. Sequences were
btained only from noncloned PCR products for the L3
enes of isolates T2J, T3c10, T3c18, and T3c87. For T2J,
equences were obtained along the full lengths of both
trands of the PCR products. In addition, the DNA prod-
cts from independent PCRs were used for sequencing
rom regions on opposite strands of the T2J L3 and
howed no evidence for PCR-related mutations in the
equences of the noncloned products. Sequences for
esidues 28–668 at the 59 end of the T2J L3 coding strand
encompassing the hypervariable region in the deduced
1 sequence) were additionally confirmed using a sec-
nd, independent preparation of core-derived transcripts
or reverse transcription, PCR amplification, and cycle
equencing. For T3c10, T3c18, and T3c87, primers were
hosen to provide sequences from both strands of L3
cross the regions in which differences were noted in
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63REOVIRUS L3 GENE SEQUENCEShe deduced l1 sequences of T1L and T3D. A mixture of
aq and Pwo polymerases (Expand Long Template) was
sed for generating all noncloned PCR products in an
ffort to reduce the frequency of mutations (Barnes,
994). In addition to 2 min to warm to 92°C at the outset
nd 7 min at 68°C to elongate any partial products at the
nd, PCR cycles involved denaturation at 92°C for 30 s,
nnealing at 58°C for 35 s, and elongation at 68°C for
50 s for the first 10 cycles and for 170 s for the remaining
5 cycles.
mplification of the L3 gene ends for DNA
equencing
To determine sequences from the ends of the T1L, T2J,
nd T3D L3 genes, we used modifications of protocols
or 59 RACE and 39 RACE as described by Frohman et al.
1988). To determine 59 sequences, full-length L3 cDNA
as purified with a Qiaquick PCR purification kit (Qia-
en). The 39 end of the cDNA was then tailed with
eoxyadenosine using terminal deoxynucleotidyl-trans-
erase (New England Biolabs) according to the manufac-
or’s instructions but with shortening of the reaction time
o 10 min, followed by purification with Qiaquick. Last,
he L3 segment 59 end was amplified by PCR with Vent
olymerase (New England Biolabs), terminal primer 59-
dT)19GC-39, and an internal primer matched in melting
emperature to the terminal primer. To determine the 39
equences, reovirus transcripts were tailed with poly(A)1
olymerase (GIBCO BRL), according to Tabor (1998) ex-
ept for shortening the reaction to 10 min, followed by
henol/chloroform extraction and ethanol precipitation.
ynthesis of cDNA was then performed using reverse
ranscriptase (GIBCO BRL) and a (dT)18 primer. Last, the
9 end of the L3 segment was amplified by PCR with Vent
olymerase (New England Biolabs), terminal primer 59-
dT)17GATG-39, and an internal primer matched in melting
emperature to the terminal primer. In addition to 2 min to
arm to 92°C at the outset and 2 min at 72°C to elongate
ny partial products at the end, the first three PCR cycles
nvolved denaturation at 92°C for 30 s, annealing at 46°C
or 30 s, and elongation at 72°C for 39 or 52 s (depending
n the length of the expected product) whereas the
emaining 30 cycles involved denaturation at 92°C for
0 s, annealing at 46–31°C for 30 s (temperature de-
reased a half degree in each successive cycle), and
longation at 72°C for 39 or 52 s (again depending on the
ength of the expected product).
rameshift mutant for premature termination of l1
Nucleotide 3632 in the T3D L3 gene was deleted using
he QuikChange site-directed mutagenesis protocol
Stratagene). Briefly, two complementary 45-nucleotide
rimers (59-CCAATATATCATTTCAACTGAATATAATG-
TGGTCTCTGTTCTGC-39 and 59-GCAGAACAGAGACCA-
CATTATATTCAGTTGAAATGATATATTGG-39) were used Mt a final concentration of 1 pmol/ml each. A pBluescript
S(1) plasmid into which T3D L3 nucleotides 2865–3901
ad been subcloned was used as template for Pfu poly-
erase in a PCR as recommended by the protocol. After
CR, the wild-type template (containing methylation
ites) was removed by successive treatments with DpnI.
he DNA was then transformed into Escherichia coli
H5a for amplification. The deletion of L3 nucleotide
632 in the mutagenized plasmid was confirmed by se-
uencing, and the MluI–HindIII fragment of that plasmid
as excised and used to replace the same fragment of
he original full-length T3D L3 gene in pBluescript-L3-
3D. The presence of the deletion in the final plasmid
as also confirmed by sequencing.
n vitro transcription and translation
The method for in vitro transcription was modified from
hat of Gurevich et al. (1991). Briefly, 2 mg of linearized
Bluescript-L3 DNA was used in a 20-ml reaction con-
aining 3 mM concentration each of ATP, CTP, and UTP;
mM GTP; 5 mM 7Me-GpppG cap analog (New England
iolabs); 50 mM HEPES (pH 7.5); 12 mM MgCl2; 2 mM
permidine; 40 mM DTT; 200 U of T7 RNA polymerase
Epicentre), 20 U of RNasin (Promega); and 0.1 U of
norganic pyrophosphatase (Sigma). After incubation at
7°C for 90 min, the same amounts of enzymes and
Nasin were added, and the reaction was incubated for
n additional 90 min at 37°C. The L3 RNA was precipi-
ated by adding an equal volume of 5 M ammonium
cetate, incubation on ice for 15 min, and centrifugation
t 16,000g for 15 min at 4°C. The pellet was washed with
old 70% ethanol and resuspended in 20 ml of H2O. The
ed Nova Lysate system (Novagen) was then used for in
itro translation according to the instructions for capped
NAs. The translation reaction was incubated at 30°C
or 90 min.
rotein electrophoresis
Electrophoresis using both reduced-bis Tris–glycine
nd phosphate–urea SDS gels was performed as de-
cribed by Dryden et al. (1998).
TPase assays
ATPase assays were performed as described by No-
le and Nibert (1997a).
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